Remodeling chromatin is essential for cAMP-regulated gene expression, necessary not only for development but also for memory storage and other enduring mental states. Histone acetylation and deacetylation mediate long-lasting forms of synaptic plasticity in Aplysia as well as cognition in mice. Here, we show that histone acetylation by the cAMP-response element binding protein (CREB)-binding protein (CBP) mediates sensitivity to cocaine by regulating expression of the fosB gene and its splice variant, ⌬fosB, a transcription factor previously implicated in addiction. Using the chromatin immunoprecipitation assay with antibodies against histone H4 or CBP, we find that CBP is recruited to the fosB promoter to acetylate histone H4 in response to acute exposure to cocaine. We show that mutant mice that lack one allele of the CBP gene and have normal levels of fosB expression are less sensitive to chronic (10-day) administration of cocaine than are wild-type mice. This decreased sensitivity is correlated with decreased histone acetylation and results in decreased fosB expression and diminished accumulation of ⌬fosB. Thus, CBP, which forms part of the promoter complex with CREB, mediates sensitivity to cocaine by acetylating histones.
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addiction ͉ chromatin modulation ͉ memory storage ͉ Rubenstein-Tabi syndrome S imilar molecular mechanisms underlie the formation of long-term memory and cocaine addiction. In long-term facilitation of sensory-to-motor neuron synapses underlying defensive reflexes in Aplysia, an established cellular model for long-term memory, the facilitatory neurotransmitter serotonin (5-HT) activates the cAMP-dependent protein kinase (PKA) (1) to phosphorylate cAMP-response element-binding protein (CREB) (2) . After recruiting CREB-binding protein (CBP) (3), phospho-CREB leads to the induction of two immediate early genes, C͞EBP (4) and ubiquitin C-terminal hydrolase (5) , as well as several late effector genes including eEF1A and the RII subunit of PKA (6, 7) . In addition to serving as a scaffold protein in CREB promoter complexes, the recruited CBP also has intrinsic histone acetyltransferase activity and can modify histones at promoters, resulting in the decondensation of DNA and thus enabling gene expression (3, 8) . Recently, Kumar et al. (9) showed that histone acetylation is involved in the cellular and molecular changes induced in neurons by cocaine. They found that histones at the promoter of cFos, a gene induced after acute cocaine administration, are acetylated acutely, and that chronic cocaine treatment involves acetylation at the promoters of BDNF and Cdk5, genes that are expressed in rodent models of cocaine addiction.
Activation of CREB also underlies cocaine addiction (for review, see refs. [10] [11] [12] ; its overexpression in the striatum of mice decreases cocaine's immediate rewarding effects; conversely, its inhibition increases the effect of reward (13, 14) .
FosB, an immediate early gene, also influences the response to cocaine. Thus, manipulation of fosB and ⌬fosB expression in the striatum of transgenic mice increases the behavioral response to cocaine and to other drugs of abuse (15, 16) . We now provide evidence that fosB is induced by activating CREB and recruiting CBP to the fosB promoter. CBP was first identified as a nuclear protein that binds specifically to phosphorylated CREB (8); later, it was found to be mutated in patients with RubinsteinTaybi syndrome, a disorder characterized by mental retardation, facial abnormalities, broad thumbs, and big toes (17) . In addition to phosphorylated CREB, CBP can form complexes with several other transcription factors (c-Jun, c-Fos, and ATF2) and is involved in cell growth, development, and oncogenesis (18) . CBP is also essential for activity-dependent gene expression in the hippocampus and cortex (19) (20) (21) . Several CBP knockout or dominant-negative mouse mutants have been generated, all of which display normal short-term memory but are deficient in certain forms of long-term memory (22) (23) (24) .
In this paper, we find that cocaine administration causes the recruitment of CBP to the fosB promoter. CBP acetylates histone H4 and increases fosB expression. Compared with the wild type, in CBP haploinsufficient mice, less CBP is recruited to the fosB promoter, resulting in decreased histone acetylation and fosB expression. Less expression of fosB results in decreased accumulating ⌬fosB, and decreased sensitization after cocaine challenge. Thus, we provide direct evidence that the recruitment of CBP to the fosB promoter and the resulting histone acetylation are essential for inducing the gene expression that underlies cocaine addiction.
Materials and Methods
Animals. Tanaka et al. (25) described the generation of CBP haploinsufficient mice. We observed a progressively reduced transmission of the mutation with mice repeatedly backcrossed with C57BL͞6J strain (after four backcrossings, many heterozygous males did not transmit the silenced CBP allele). Those that did transmit this allele exhibited a rate lower than 50%). Therefore, we carried out our experiments in a genetic background similar to the one used by Tanaka et al. (25) and crossed C57BL͞6J mutant males with BALB͞c females to generate the F 1 hybrids. The wild-type mice used as controls were littermates of the mutants. Mice were maintained and bred under standard conditions consistent with National Institutes of Health guide-lines and approved by the Institutional Animal Care and Use Committees.
Chromatin Immunoprecipitation (ChIP). The ChIP assay was performed as described in ref. 3 with some modifications. The striatum was dissected from mice anesthetized with 100 mg͞kg ketamine and perfused with 4% paraformaldehyde for 30 min, washed in 0.125 M glycine and PBS, each for 12 min at 4°C, and homogenized. After sonication, the average size of DNA fragments was Ϸ600 bp. Chromatin was used for immunoprecipitation with specific antibodies, anti-acetylated histone H4 (Upstate Biotechnology, Lake Placid, NY) and anti CBP (Santa Cruz Biotechnology). The presence of the fosB promoter was analyzed by real-time PCR with the promoter-specific primer pair GGTCCCGGAGGCATAAATTC (forward) and TCACGCCTCCAAGAAGAAGAA (reverse) using actin sequences to control for specificity of histone acetylation and transcription. Real-time PCR was performed with the GeneAmp 5700 Sequence Detection System (PE Corporation, Norwalk CT). Amounts of specific histone modifications at the fosB promoter were determined by measuring the amount of acetylated histone-associated DNA using quantitative real-time PCR with actin as control. No differences were seen between animals injected with saline and animals killed that had not been injected. Input and immunoprecipitated DNA amplification reactions were run in triplicate in the presence of SYBR-Green (Applied Biosystems). Normalized reporter (Rn) values [fluorescence detected during PCR (GeneAmp 5700 Sequence Detection System manual, PE Corporation) from each sample] were obtained by using SEQUENCE DETECTOR 1.1 software (see Fig. 1 ). Relative quantification of template was done as described by the manufacturer (Applied Biosystems). Values (mean Ϯ SEM) were analyzed by two-tailed paired t tests (adjusted for multiple comparisons) for statistical significance (P Ͻ 0.05). PCRs were run in triplicate for each brain sample, and at least three independent sample pairs were used for each statistical analysis.
Measuring mRNA by Real-Time PCR. RNA from the striata of mice injected with 30 mg͞kg cocaine was extracted by using Trizol reagent (Invitrogen) and precipitated with isopropanol. mRNA was reverse transcribed by using a SuperScript III First-Strand Synthesis kit (Invitrogen). The amount of cDNA was quantified by using real-time PCR. The primers used to amplify specific cDNA regions of the transcripts of interest were: fosB 5Ј-ACAGATCGACTTCAGGCGGA-3Ј and 5Ј-GTTTGTGG-GCCACCAGGAC-3Ј; as internal control for normalization actin, 5Ј-ATGGTGGGA ATGGGTCAGA AG-3Ј and 5Ј-TCTCCATGTCGTCCCAGTTG-3Ј. Fold differences of mRNA over control values were calculated by using the Rn method as described by the manufacturer (Applied Biosystems).
Antibodies and Immunoblotting. Mice were injected with 30 mg͞kg cocaine i.p. for 10 days and killed 24 h later. Striata were dissected in PBS on ice and homogenized in 0.25% Triton X-100, 0.5% Nonidet P-40, 10 mM EDTA, 0.5 mM EGTA, 10 mM Tris⅐HCl (pH 8.0), and 1 mM PMSF. Protein was measured by a Lowry-based assay (Bio-Rad); 30 g of protein was used for detection of ⌬fosB and separated by SDS͞10% PAGE. After electrophoresis, gels were transferred to nitrocellulose membranes (Protran, Schleicher & Schuell) and probed with fosB antibody (H-75) (Santa Cruz Biotechnology), overnight at 4°C. Blots were incubated with an anti-rabbit IgG-HRP as secondary antibody (1:1,000) (Sigma) for 1 h at room temperature and quantified by using ECL (Amersham Pharmacia). Some blots were later stripped with 0.2 M glycine (pH 2.8) and 0.5 M NaCl for 25 min at room temperature and reprobed as indicated. To verify the accuracy of sample loading, selected blots were reprobed with a monoclonal antibody to ␤-tubulin (1:20,000; Sigma). A single band was observed at 55 kDa, and the intensity of the signal was similar in all lanes. Relative optical density readings for the ⌬fosB and ␤-tubulin bands were determined by using a computer-assisted densitometry program (NIH IMAGE 1.63 software) from three independent sample pairs. The optical density of components corresponding to the 35-to 37-kDa ⌬fosB protein was normalized with the optical density of ␤-tubulinspecific bands for each sample by dividing the optical density obtained from ⌬fosB-specific bands by the optical density obtained from ␤-tubulin-specific bands for each animal.
Behavior. For all tasks, we used adult male mutant mice and control littermates. Statistical analyses by ANOVAs and means Ϯ SEM are presented in Fig. 5 . Experimenters were blind to the genotype in all studies. Motor activity in an open field was quantified in four Plexiglas open field boxes 43 ϫ 43 cm 2 (MED Associates, Georgia, VT). Two sets of 16 pulse-modulated infrared photobeams were placed on opposite walls 2.5 cm apart to record ambulatory movements. Activity chambers were computer interfaced for data sampling at 100-ms resolution. The computer-defined grid lines that divided each open field into center and surround regions, with each of four lines being 11 cm from each wall. Overall motor activity was quantified as the total distance traveled (m) over the test session. In a behavioral sensitization paradigm, mice were divided into four groups (two groups of wild-type and two of mutants), and their activities were measured for 1 h after cocaine or saline injection. For the first 3 days, mice (ϩ͞ϩ, n ϭ 14; ϩ͞Ϫ, n ϭ 13) were placed in the chambers immediately after saline injections. From the fourth to ninth day, mice were given either saline or cocaine and were placed in the chambers [cocaine: 30 mg͞kg: ϩ͞ϩ, n ϭ 7; ϩ͞Ϫ, n ϭ 7; vehicle (saline): ϩ͞ϩ, n ϭ 7; ϩ͞Ϫ, n ϭ 6]. On day 16, all of the mice received saline injections and were placed in the test chambers, and their locomotor activity was measured for 1 h.
Results

Cocaine Induces fosB, Recruits CBP, and Causes Histone Acetylation.
FosB is induced in the rodent striatum by cocaine administration (26, 27) . We confirmed this observation by using real-time RT-PCR and found that, 2 h after injecting 30 mg͞kg cocaine, the fosB gene was induced Ϸ8-fold in the striatum of wild-type C57BL͞6J mice (Fig. 1A) .
Does cocaine cause chromatin remodeling at the promoters of genes that have been implicated in addiction? To address this question, we adapted the ChIP assay to mouse brain (see ref.
3). The basal expression of fosB in the mutant and wild-type were equivalent (n ϭ 3 pairs; wild type set at 1; mutant, 1.061 Ϯ 0.041; P Ͼ 0.05). Note that the values are set relative to those of the wild-type. The fosB expression was 4-to 8-fold less than that observed after treatment with cocaine (also see Fig. 1A ). (B) CBP recruitment was less in the mutant (n ϭ 5 in each group, wild type set at 1; mutant, 0.68 Ϯ 0.06; P Ͻ 0.01; input DNA was used as control). (C) Basal histone H4 acetylation at the fosB promoter in the mutant also was less than that in the wild type (n ϭ 5 in each group; wild type set at1; mutant, 0.63 Ϯ 0.17; P Ͻ 0.05; input DNA was used as control).
Our working hypothesis was that chromatin remodeling, which underlies memory storage in Aplysia, is likely to be important also for the formation of stable addictive behaviors. The fosB gene was examined because the expression of its truncated splice variant ⌬fosB has a robust effect on sensitivity to cocaine (15) . Activation of the fosB promoter depends on the cAMP-dependent PKA phosphorylation of CREB (28) . CREB in turn recruits CBP to induce immediate early genes. CBP is a histone acetyltransferase (HAT) that activates transcription by acetylating specific lysine residues in histones of nucleosomes, thereby opening up repressive chromatin structures (8, 23) . Using the ChIP assay, we found an increase in the recruitment of CBP to the fosB promoter and increased acetylation of histone H4 20 min after injecting cocaine ( Fig. 1 B and C) . The increase in acetylation was selective: both the acetylation at actin's promoter and transcription of the actin gene were unaffected by cocaine ( Fig. 1 A and C) .
We next examined CBP haploinsufficient mice. This mutant carries only one functional cbp allele. The expression of fosB is similar in mutant and wild type at baseline, even though the recruitment of CBP to the fosB promoter and histone acetylation are decreased in the mutant (Fig. 2) . We next asked how cocaine affects the recruitment of CBP, histone acetylation, and fosB expression. After a cocaine challenge, CBP and histone H4 acetylation were reduced at the fosB promoter of the mutant mouse compared to that in the wild type. This reduction of CBP recruitment and histone acetylation correlates with the reduction in fosB expression in the mutant (Fig. 3) .
Suberoylanilide Hydroxamic Acid (SAHA), a Histone Deacetylase Inhibitor, Enhances fosB Expression in C57BL͞6J Mice Striatum After
Cocaine Treatment. To examine whether histone acetylation plays a role in the induction of gene expression by cocaine, we used a potent and specific histone deacetylase inhibitor, SAHA, that we and others have found to pass the blood brain barrier and to exert its effect on the brain (29) . We find that SAHA caused a 2-fold increase in the expression of fosB after cocaine treatment. SAHA administration did not affect the expression of fosB in the absence of cocaine, suggesting that histone acetylation plays an important role in the gene expression induced by cocaine. Thus, by inhibiting the deacetylating process, which counteracts the CBP's histone acetyltransferase activity, SAHA causes an increase in fosB expression (Fig. 4) .
Mutant Mice Accumulate Less ⌬fosB After Chronic Cocaine Administration. Drug addiction is thought to depend on the buildup of ⌬fosB protein that takes place during chronic administration of cocaine (15) . Before we injected the drug, the amount of ⌬fosB protein was undetectable in both CBP haploinsufficient and wild-type mice. After six daily injections, we also failed to detect any ⌬fosB. By 10 days, however, ⌬fosB immunoblotting revealed that the mutants have relative optical density (ROD) of 0.72 Ϯ 0.059, and wild-type ROD was 1.476 Ϯ 0.069 (n ϭ 3 pairs; P Ͻ 0.05 Student t test).
The Response to Cocaine Is Reduced in CBP Haploinsufficient Mice. We next examined the response to cocaine in a behavioral sensiti- is a decrease in CBP recruitment to the fosB promoter in mutant mouse striatum compared to wild type (n ϭ 3 in each group, wild type set at 1, mutant 0.31; P Ͻ 0.05, input DNA as control) (B) and a decrease in acetylated histone H4 at the fosB promoter (n ϭ 3 in each group; wild type set at 1; mutant 0.67; P ϭ 0.014, input DNA as control) (C). Data are expressed as mean Ϯ SEM. Fig. 4 . Expression of fosB in the striatum of mice treated with a histone deacetylase inhibitor is enhanced after cocaine treatment. Real-time PCR shows a 3-fold increase in fosB expression after cocaine injection in mice that were pretreated with SAHA. Treatment with SAHA without cocaine administration did not change fosB expression. C57BL͞6J were injected with SAHA (25 mg͞kg) or vehicle (DMSO) 2 h before receiving cocaine (20 mg͞kg). Mice were killed 2 h after the injection of cocaine. n ϭ 18; control set at 1; DMSO and cocaine, 1.25 Ϯ 0.001; SAHA plus cocaine, 3 Ϯ 0.002; *, P Ͻ 0.05. zation paradigm, which is a widely used index of addictive behavior in rodents (30) (31) (32) . For the first 3 days, all mice received saline i.p., and no differences between wild-type and mutants were observed (P Ͻ 0.05). Next, mice were divided into four groups and injected with either saline or cocaine each day for 6 days. We found that the response to cocaine was reduced in mutant mice. In contrast, wild-type littermates showed a typical pattern of enhanced sensitization to cocaine with the expected increase in locomotor activity (Fig. 5) .
Discussion
Many drugs of abuse act by increasing dopamine in the striatum (33, 34) . Dopamine then stimulates the synthesis of cAMP through D1 receptors, and the cAMP activates PKA. The kinase phosphorylates CREB, a constitutive transcription factor. CREB is resident at CRE-containing promoter sites. Upon phosphorylation, CREB recruits CBP to form the active promoter complex, and the fosB gene is induced. Using ChIP assays, we show directly that cocaine administration leads to the induction of the fosB gene by recruiting CBP. The binding protein then acetylates histones, modifying chromatin and resulting in the decondensation of DNA. The accumulation of a splice variant, ⌬fosB, has been shown to be important for the formation of addictive behavior in rodents (14) . We found that the CBP haploinsufficient mutants, in response to cocaine, accumulate less ⌬fosB protein in the striatum than do wild-type mice. This difference correlates with the decrease in CBP recruitment and histone acetylation at the fosB promoter.
The accumulation of ⌬fosB has been shown to be important in the formation of addictive behaviors in rodents (35) . Because levels of fosB and ⌬fosB expression are the same in both wild-type and CBP haploinsufficient mice before a cocaine challenge, the mutant is better suited for studying the effect of the fosB gene on the response to cocaine than the two other mice mutant strains that were used in the past [mice that overexpress ⌬fosB (15), and fosB knockout mice (16) ]. In these two strains, expression of fosB and ⌬fosB was altered before cocaine administration. One strain had increased ⌬fosB protein before cocaine administration and the other had diminished fosB expression at baseline. Both strains showed increased sensitivity to cocaine. These results appear to be paradoxical because, on the one hand, the mutant that overexpressed ⌬fosB was sensitive to cocaine, and on the other, the knockout mutant with no fosB expression and no ⌬fosB protein was also more sensitive. With CBP mutant mice, we confirmed that, when starting with normal fosB expression levels before cocaine was administered, a decrease in fosB expression in response to cocaine (influenced by the lack of CBP) correlates with decreased sensitivity to cocaine. However, it remains unclear why fosB mutant mice exhibit increased sensitization in the absence of fosB expression.
Alarcon et al. (23) studied deficits in long-term memory in CBP haploinsufficient mice. These mice phenocopy a well described syndrome in humans: the Rubinstein-Taybi syndrome. Long-term memory and long-term potentiation, both of which are impaired in these mutants, can be significantly improved by pharmacological compensation for the lack of CBP with histone deacetylase (HDAC) inhibitors. This finding suggests that these deficits are due to the requirement of CBP throughout life and not to the consequences of altered brain development leading to permanent anatomical abnormalities. It is possible that the altered sensitization that we observed in mutant mice may also be pharmacologically reversed as with the memory deficits (23) .
The increase in ⌬fosB expression induced by the cAMPdependent phosphorylation of CREB and the recruitment of CBP is a common pathway in the formation of several different addictive behaviors caused by many drugs and situations (36) . Although CREB-mediated gene expression has been examined in higher animals (37, 38) , in Aplysia the connection between molecular events and behavior are clearer. In Aplysia, treatment with serotonin (5-HT) results in the recruitment of CREB1 and CBP to the C͞EBP promoter and acetylation of histones inducing downstream effector genes needed for producing long-term facilitation (3). The facilitation is blocked by the inhibitory neuropeptide FMRFamide, which acts through p38 mitogenactivated protein kinase phosphorylation of the inhibitory transcription factor CREB2 (39) . CREB2 displaces CREB1 and recruits HDAC5 to the C͞EBP promoter, blocking the expression of effector genes and leading to long-term depression. Two avenues of pharmacological intervention seem promising: agents that result in blocking the recruitment of CBP (as, for example, FMRFamide in Aplysia) and drugs that cause deacetylation of the fosB gene. These agents may not only prevent the formation of new behaviors, but may also reverse downstream synaptic changes that are induced by previously learned behavior. It is not clear why agents that are expected to act at many sites of gene induction might target the fosB gene specifically. Nevertheless, recent clinical trials with chromatin modifying drugs have produced specific therapeutic affects despite their ability to influence many areas of the genome (40, 41) .
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